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Mammalian eggs naturally arrest at metaphase of the second meiotic division, until sperm triggers a series of Ca2+ spikes that result in
activation of the anaphase-promoting complex/cyclosome (APC/C). APC/C activation at metaphase targets destruction-box containing
substrates, such as cyclin B1 and securin, for degradation, and as such eggs complete the second meiotic division. Cyclin B1 degradation
reduces maturation (M-phase)-promoting factor (MPF) activity and securin degradation allows sister chromatid separation. Here we
examined the second meiotic division in mouse eggs following expression of a cyclin B1 construct with an N-terminal 90 amino acid deletion
(D90 cyclin B1) that was visualized by coupling to EGFP. This cyclin construct was not an APC/C substrate, and so following fertilization,
sperm were incapable of stimulating D90 cyclin B1 degradation. In these eggs, chromatin remained condensed and no pronuclei formed. As a
consequence of the lack of pronucleus formation, sperm-triggered Ca2+ spiking continued indefinitely, consistent with a current model in
which the sperm-activating factor is localized to the nucleus. Because Ca2+ spiking was not inhibited by D90 cyclin B1, the degradation
timing of securin, visualized by coupling it to EGFP, was unaffected. However, despite rapid securin degradation, sister chromatids remained
attached. This was a direct consequence of MPF activity because separation was induced following application of the MPF inhibitor
roscovitine. Similar observations regarding the ability of MPF to prevent sister chromatid separation have recently been made in Xenopus egg
extracts and in HeLa cells. The results presented here show this mechanism can also occur in intact mammalian eggs and further that this
mechanism appears conserved among vertebrates. We present a model in which metaphase II arrest is maintained primarily by MPF levels
only.
Crown Copyright D 2004 Published by Elsevier Inc. All rights reserved.
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Mammalian eggs are naturally arrested at metaphase of
the second meiotic division (MII) until sperm trigger the
eggs to activate, and so complete meiosis. Although the
precise mechanism by which the sperm causes egg0012-1606/$ - see front matter. Crown Copyright D 2004 Published by Elsevier
doi:10.1016/j.ydbio.2004.07.024
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E-mail address: k.t.jones@ncl.ac.uk (K.T. Jones).activation is not fully understood, it is clear that a series
of Ca2+ spikes is the necessary and sufficient physiological
signal for meiotic progression from MII arrest (Hyslop et al.,
2004; Runft et al., 2002; Stricker, 1999). The most likely
mammalian candidate for initiating Ca2+ spikes is phospho-
lipase s (PLCs), which is a sperm-specific PLC with
greatest homology to the PLCy family (Cox et al., 2002;
Kouchi et al., 2004; Saunders et al., 2002).
Independent of the actual mechanism employed by the
sperm, the Ca2+ signal must stimulate the activity of the
anaphase-promoting complex/cyclosome (APC/C), an E3275 (2004) 68–81Inc. All rights reserved.
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proteins such as cyclin B1 and securin (Jones, 2004; Peters,
1999; Zachariae and Nasmyth, 1999). The APC/C recog-
nizes a short N-terminal motif, the Destruction (D-) Box,
that is present in both cyclin B1 and securin (Peters, 1999;
Zachariae and Nasmyth, 1999). Cyclin B1 is the regulatory
component of the maturation (M-phase)-promoting factor
(MPF) and is necessary for CDK1 activity. This universal
M-phase kinase is needed for entry into mitosis, and through
cyclin B1 degradation its activity must decrease for mitotic
exit (Doree and Hunt, 2002). In mouse eggs MPF activity is
high before each meiotic division, and its activity declines
after MI and during egg activation when eggs are released
from MII arrest (Hashimoto and Kishimoto, 1988; Hyslop et
al., 2004; Ledan et al., 2001). Both periods are associated
with cyclin B1 degradation.
Sister chromatids (during mitosis and MII) and homol-
ogous chromosomes (during MI) are held together by a
cohesion complex until separase activity results in their
separation at anaphase (Haering and Nasmyth, 2003; Lee
and Orr-Weaver, 2001; Petronczki et al., 2003). Securin
inhibits separase activity at metaphase until it is targeted for
destruction through the APC/C (Uhlmann et al., 2000;
Waizenegger et al., 2000; Zou et al., 1999). Therefore, APC/
C-mediated destruction of securin is necessary during both
meiotic divisions and during mitosis in all species exam-
ined, including mouse (Herbert et al., 2003; Terret et al.,
2003). Although there are many substrates of the APC/C, it
appears that cyclin B1 and securin are the only two essential
substrates for mitotic exit (Thornton and Toczyski, 2003).
At fertilization, the sperm Ca2+ signal must increase
APC/C activity. It is known that the immediate Ca2+
transducer is calmodulin-dependent protein kinase II (Lorca
et al., 1993; Markoulaki et al., 2003, 2004), but whether this
kinase directly phosphorylates a component of the APC/C
complex or indirectly affects an APC/C inhibitor is not
known. Interestingly, even in unfertilized mouse eggs, the
APC/C is active (Nixon et al., 2002; Winston, 1997).
Therefore it follows, to maintain MII arrest, eggs must
continually synthesize cyclin B1 and securin. As a
consequence of this need, parthenogenetic activation arises
when eggs are incubated with protein synthesis inhibitors
(Jones, 1998). By coupling cyclin B1 to GFP its degradation
can be measured in real-time, and such studies have shown
that the Ca2+ signal increases its degradation about 6-fold
(Nixon et al., 2002).
Here we have studied a D-box mutant of cyclin B1 (D90
cyclin B1) in mouse eggs. We found D90 cyclin B1 is not
degraded in eggs following activation, consistent with the
known role of the APC/C at this time. The construct raised
MPF activity, blocked pronuclei formation, but had no
inhibitory effect either on the Ca2+ signal during egg
activation or on securin degradation. Despite securin
degradation, sister chromatids remained attached. This was
due to MPF activity and supports a model of MPF-mediated
inhibition of separase activity, a process that was recentlyreported in egg extracts of Xenopus and in HeLa cells
(Chang et al., 2003; Stemmann et al., 2001). However, we
found this effect was not permanent, eventually sister
chromatids underwent disjunction.Experimental procedures
Chemicals
All chemicals were from Sigma-Aldrich unless stated
otherwise, and of tissue culture, embryo-tested grade where
appropriate. Roscovitine (100 mM; Calbiochem) was
prepared in DMSO.
cRNA constructs
In the present study, cRNA to EGFP, D90 cyclin
B1DGFP; full-length cyclin B1DGFP and securinDGFP
were microinjected into mouse eggs. They were all
manufactured by standard cloning procedures into a pRN3
vector that provides a 5 amino acid C-terminal linker
(AGAQF) to EGFP (Levasseur and McDougall, 2000;
Zernicka-Goetz et al., 1996, 1997). The 5V region contains
a globin UTR in addition to a 3V UTR and poly(A)-encoding
tract, all of which are included to confer stability of the
cRNA. Cloning success was confirmed by DNA sequenc-
ing. cRNA was made by a T3 mMESSAGE mMACHINE
kit (Ambion Inc.) according to the manufacturer’s instruc-
tions and dissolved in nuclease-free water to a final
concentration of 0.5–1.5 Ag/Al. Manufactured cRNA was
run on standard formaldehyde gels to confirm their integrity.
Eggs were microinjected (as below) with a 0.1–0.3% bolus.
This corresponds to approximately a 0.3–1.2 pg cRNA
injection.
Egg microinjection and imaging
MII eggs were collected from superovulated random-
bred 4- to 8-week-old albino MF1 mice (Hyslop et al.,
2001). Microinjection of zona-intact eggs and in vitro
fertilizations were performed as described previously
(Hyslop et al., 2004; Jones, 1998; Jones et al., 1995).
Survival rate following microinjection was N90%. Depend-
ent on the experiment, eggs were injected with a 0.1–0.3%
injection volume of cRNA; an antisense-EGFP (Phospho-
thiorate-linked 5V-gaaaagttcttctcctttact-3V) designed against
the start region of EGFP (MWG Biotech, Germany); and 5
mM fura2-dextran (10 000 Mw, Molecular Probes, OR).
Eggs were fertilized using capacitated sperm or parthe-
nogenetically activated between 3 and 4 h after micro-
injection (15–16 h post-hCG). To metaphase arrest eggs,
colcemid was used at a final concentration of 100 ng/ml.
Egg microinjection, Ca2+, and GFP imaging were performed
on the heated stage of a Nikon Eclipse TE300 inverted
microscope (Nixon et al., 2002). Chromatin was stained
S. Madgwick et al. / Developmental Biology 275 (2004) 68–8170using 10 Ag/Al Hoechst 33258. Parthenogenetic activation
was achieved by incubation of eggs in M2 medium (Fulton
and Whittingham, 1978; Quinn et al., 1982) in which CaCl2
had been substituted by 10 mM SrCl2.
Images from the CCD camera (Micomax 1300Y Sony,
Interline chip) were captured by MetaFluor imaging
software (version 6.0, Universal Imaging Corp., PA) as
12-bit images. Regions of interest (ROIs) were defined
around each egg, and with respect to GFP fluorescence
measurements, the ROI average intensity for each egg was
used in all calculations. Average intensity is therefore
plotted on a unitless 12-bit scale (0–4095 units).
Western blotting
Thirty to forty eggs per sample, collected in minimal
medium M2, were incubated at 958C for 4 min in 62.5 mM
TRIS–HCl pH 6.8, 10% glycerol, 2% SDS, 5% mercaptoe-
thanol, and 0.05% bromophenol blue. Samples were snap
frozen in liquid nitrogen and stored at 708C. SDS-PAGE
and blotting were performed using a Mini Trans-Blot
Electrophoretic Apparatus (BioRad, UK) according to the
manufacturer’s instructions. Membranes were probed with
either an anti-GFP monoclonal (Clontech, UK) or anti-
cyclin B1 polyclonal raised against the C-terminus (Abcam,
UK). ECL (Amersham, UK) was carried out according to
the manufacturer’s instructions.
Histone H1 kinase assay
Four eggs per sample were lysed in kinase buffer (80
mM B glycerophosphate, 25 mM HEPES, 5 mM EGTA, 10
mM MgCl2, 1 mM DTT, 0.2 mM AEBSF, 1 mM
benzamidine, 100 AM NaVO4, 5 mM NaF, 10 Ag/ml
leupeptin, 10 Ag/ml pepstatin A, and 10 Ag/ml aprotinin,
pH 7.2). Lysed eggs were then incubated for 30 min at 308C
with 0.1 mM ATP, 0.5 mCi/ml g-[32P]ATP (Amersham), 10
AM cAMP protein kinase inhibitor in kinase buffer
containing 0.15 mg/ml histone H1 (Type III-S, from calf
thymus). Reactions were terminated by introduction of
SDS-PAGE sample buffer and incubation at 958C for 5 min.
Proteins were separated by SDS-PAGE and enzyme activity
was visualized using a Fujifilm BAS-1500 Bioimaging
analyzer (Fuji). Kinase assays were performed in triplicate
and kinase levels are represented relative to unfertilized MII
eggs.Fig. 1. D90 cyclin B1DGFP expression in mouse eggs. Westerns of
uninjected control eggs (lanes) or D90 cyclin B1DGFP cRNA-injected
eggs (lanes +) probed using either anti-GFP or anti-cyclin B1 antibodies.
Injected eggs contained an extra band (arrow) for both antibodies that is
D90 cyclin B1DGFP. Nonspecific labeling (*) was apparent for the anti-
GFP antibody. The molecular weight standards are indicated.Results
A D-box mutant of cyclin B1 is nondegradable at fertilization
In the present study, mouse egg MPF activity was
modified by using an N-terminal (D1–90)-truncated cyclin
B1 (D90 cyclin B1). This construct is not a substrate of the
APC/C because it lacks a D-box. This construct was C-terminally coupled to EGFP and cRNA injected into freshly
ovulated mouse eggs, which naturally arrest at MII.
Following 4 h of culture, injected eggs were probed by
Western blotting with either anti-GFP or anti-cyclin B1
antibodies. In cRNA-injected eggs, but not uninjected
controls, a protein corresponding to full-length D90 cyclin
B1DGFP was observed (Fig. 1). Importantly, no other
specific bands were visible, especially in the 25–30 kDa
region, which would correspond to the molecular weight of
EGFP. It is therefore concluded that mouse eggs translate
full-length D90 cyclin B1DGFP cRNA and that any
epifluorescence measurements made on eggs expressing
D90 cyclin B1 would be due to expression of the full-length
construct.
Mouse eggs microinjected with D90 cyclin B1DGFP
gave visible GFP fluorescence from as early as 40 min
postinjection. Using an in vitro calibration in which EGFP
protein solutions of various concentrations were micro-
injected into a viscous nonfluorescent oil, we calculated that
around 50 nM EGFP was the lower limit of our detection.
Due to variations in the dose introduced (1–3% injection
volume), length of time eggs were expressing D90 cyclin
B1DGFP before they were fertilized (3–5 h); and possibly
due to inherent differences between eggs in their efficiency
to translate cRNA, we estimated by this in vitro calibration
that all eggs in this study were expressing 50–200 nM D90
cyclin B1 at the time of fertilization.
One of the very early events during egg activation is a
Ca2+-stimulated increase in cyclin B1 degradation. Sperm
triggers a series of Ca2+ spikes, and it has been observed that
Ca2+-stimulated cyclin B1 degradation begins at about 10
min after the first Ca2+ spike (Hyslop et al., 2004). Here,
eggs were co-injected with the D90 cyclin B1DGFP cRNA
and fura2-dextran to record intracellular Ca2+ levels, and
then inseminated. The expression of D90 cyclin B1 did not
alter significantly any of the parameters that we measured
with respect to the first five spikes, a period that spans on
average the first 1–2 h of spiking, nor did it affect spike
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B1DGFP fluorescence at two time points: in the hour that
immediately preceded the first sperm-induced Ca2+ spike
and in the hour that followed the first Ca2+ spike. As
predicted for a construct that is not a substrate of the APC/
C, D90 cyclin B1 was not degraded following the sperm
Ca2+ signal (Fig. 2, column 1 vs. 2). Thus, its rate of
synthesis appeared unaffected by the sperm-associated Ca2+
signal. To uncover a small effect on degradation that may be
masked by the rather large rate of protein synthesis, these
experiments were repeated by further microinjecting D90
cyclin B1DGFP-expressing eggs with antisense deoxyribo-
nucleic acid. This antisense construct was designed against
the N-terminus EGFP sequence and was effective at
abolishing D90 cyclin B1DGFP synthesis (Fig. 2, column
3); however, even in these fertilized eggs where D90 cyclin
B1 synthesis was prevented, no measurable degradation of
D90 cyclin B1 could be observed. In control experiments, in
contrast, there was an increase in full-length cyclin B1
degradation following fertilization (Fig. 2, column 4 vs. 5).
This degradation of full-length cyclin B1 could be abolished
in fertilizing eggs by incubation with the microtubule-
disrupting agent colcemid (Fig. 2, column 6). This would be
consistent with the known ability of microtubule-disrupting
agents to induce a spindle checkpoint and so prevent APC/C
activation at metaphase in mitosis.
D90 cyclin B1 in mouse eggs raises MPF activity
The high synthesis rates of D90 cyclin B1 observed in
mouse eggs coupled with the inability of the Ca2+ signal to
enhance its degradation suggest that following egg activa-
tion MPF activity would not decrease in D90 cyclin B1-
expressing eggs. In these experiments, carried out to test this
prediction, Sr2+-containing medium was used as a parthe-
nogenetic agent. It induces a spiking activation signal,
which resembles that induced by sperm (Bos-Mikich et al.,
1995, 1997; Kline and Kline, 1992), and has the advantage
in being able to synchronously activate eggs. In D90 cyclin
B1DGFP-expressing eggs, Sr2+-containing mediumTable 1
D90 cyclin B1 has no effect on the amplitude or duration of individual Ca2+ spik
Control
Amplitude (RU) Durati
Spike 1 1.67 F 0.40** 3.12 F
Spike 2 1.36 F 0.32 1.49 F
Spike 3 1.41 F 0.30 1.24 F
Spike 4 1.42 F 0.31 1.08 F
Spike 5 1.41 F 0.26 1.11 F
Interspike interval (min) 17.1 F 4.2
The amplitude and duration of the first five Ca2+ spikes were calculated following i
to D90 cyclin B1DGFP for 3 h. The average interspike interval (i.e., the gap period
the first Ca2+ spike at fertilization. As previously reported (Jones et al., 1995), th
duration (*P b 0.05, **P b 0.01; t test) as compared to the second spike. However
when compared with the same statistic from the control group ( P N 0.05). Ninetinduced a spiking pattern similar to control eggs (Fig. 3).
Sr2+ activation tends to produce a far more variable pattern
of spikes (amplitude and duration) as compared to the Ca2+
spikes induced by sperm (Bos-Mikich et al., 1995), and this
phenomenon was also observed here. However, in all D90
cyclin B1DGFP-expressing eggs, we observed a spiking
pattern that showed a similar range to control eggs.
Therefore, we conclude that expression of D90 cyclin B1
has little effect on the ability of Sr2+ to induce spiking in
eggs.
In control eggs, the drop in MPF activity was most
marked before second polar body extrusion and its activity
reached a minimum around the time of pronucleus
formation (Fig. 4A). The decrease in MPF activity was
blocked by colcemid; in fact, MPF nearly doubled in the
presence of colcemid. Similar measurements of MPF
activity were made on D90 cyclin B1-expressing eggs that
were activated in Sr2+-containing medium for 16 h (Fig.
4B). Despite the presence of a parthenogenetic agent for 16
h, eggs still had a high MPF activity, which was in fact over
10-fold greater than that present in unfertilized eggs. In
contrast, time-matched activated eggs had little to no MPF
activity. We also wanted to know what the level of MPF
activity was in D90 cyclin B1DGFP-expressing eggs at the
time they were initially activated in Sr2+-containing
medium. Therefore, MPF levels were measured in eggs at
the time they were placed in activating medium and then 2 h
later. These times were chosen because in noninjected eggs
the greatest drop in MPF levels occurred at this time.
We found that at 0 and 2 h, MPF activity was 1.7 F 0.7 and
2.5 F 1.1 (mean F SD, n = 3) the unfertilized level,
respectively, and demonstrates that the activating signal is
unable to lower MPF levels, a process that is normally seen
early in egg activation.
D90 cyclin B1 blocks pronucleus formation
The above data show that the inability of a Ca2+-activating
signal to degrade D90 cyclin B1 leads to increased MPF
activity in mouse eggs. Therefore, we examined the effectes, and has no effect on spike frequency
D90 cyclin B1
on (min) Amplitude (RU) Duration (mins
0.73** 1.80 F 0.36* 2.82 F 0.71**
0.42 1.51 F 0.25 1.44 F 0.26
0.34 1.37 F 0.36 1.20 F 0.19
0.26 1.36 F 0.32 1.09 F 0.21
0.22 1.28 F 0.34 1.06 F 0.19
20.3 F 6.7
nsemination of control eggs or those that had been microinjected with cRNA
between spikes) was also calculated for the first five Ca2+ spikes. Spike 1 is
e first Ca2+ spike had a statistically significant larger amplitude and longe
, there was no significant difference in any of the D90 cyclin B1DGFP eggs
een eggs were examined for both groups.)
r
Fig. 2. D90 cyclin B1 is not degraded when eggs are activated. The rate
of D90 cyclin B1DGFP (columns 1–3) and full-length cyclin B1DGFP
(columns 4–6) synthesis or destruction before and after the initiation of
sperm-triggered Ca2+ spiking are plotted. Ca2+ spiking induced full-length
cyclin B1 destruction (column 4 vs. 5) but not D90 cyclin B1 destruction
(column 1 vs. 2). This indicates that Ca2+-mediated destruction was
dependent on the bdestruction-boxQ of cyclin B1. Inclusion of antisense
deoxyribonucleic acid with D 90 cyclin B1DGFP (column 3) knocked out
cyclin B1 synthesis, but following fertilization, no significant D90 cyclin
B1DGFP degradation could be observed. Colcemid added to the medium
of eggs expressing full-length cyclin B1DGFP blocked its degradation.
GFP fluorescence is measured in arbitrary fluorescence units and the rate
of change in GFP fluorescence per hour is measured on the y-axis
(DGFP/h). Therefore, the net rate of GFP synthesis or destruction is
calculated in the 1 h preceding () or following (+) the initiation of Ca2+
spiking. Net cyclin B1 synthesis corresponds to values above zero with
cyclin B1 destruction corresponding to values below zero. * denotes
significantly different from other D90 cyclin B1 groups ( P b 0.001);
ydenotes significantly different from all other full-length cyclin B1 groups
(P b 0.001) (Mann–Whitney U test). Twenty to thirty-five eggs are used
per condition.
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division. Eggs were microinjected with D90 cyclin B1DGFP
and the cRNA allowed to express for 3 h. Eggs were then
either inseminated or incubated with Sr2+-containing
medium for 6 h. Control eggs that were sham injected were
also included in these experiments, as they could easily be
distinguished from D90 cyclin B1 eggs by monitoring for
GFP. In both control groups, eggs were activated by 6 h, with
pronuclei visible (Fig. 5, fertilized eggs). However, in all
eggs expressing D90 cyclin B1 that were either inseminated
(Fig. 5) or parthenogenetically activated (not shown), no
pronuclei were seen. The lack of activation of D90 cyclin B1-
expressing eggs following insemination may have been due
to poor egg penetration by sperm. Therefore, D90 cyclin B1-
expressing eggs were fixed and sperm that had fused with the
egg assessed after staining with Hoechst 33258. In control
eggs, on average 1.33F 0.5 sperm fused, while inD90 cyclin
B1DGFP-expressing eggs it was 1.45 F 0.7 (mean F SD,
n = 26). It is concluded that D90 cyclin B1 had no effect on
sperm–egg fusion but was effective at preventing exit from
meiosis following either insemination or parthenogenetic
activation.D90 cyclin B1 maintains Ca2+ spiking
Mammalian sperm probably cause egg activation by
releasing a sperm-specific phospholipase C PLCs into the
egg cytoplasm. Indirect studies have given support to the
theory that sequestration of this sperm activating signal to
the nucleus accounts for the termination of Ca2+ spiking at
fertilization (Jones et al., 1995; Marangos et al., 2003). This
theory was recently enhanced by the finding that Venus-
tagged PLCs localized to the pronuclei of the one-cell
embryo (Yoda et al., 2004). The lack of pronucleus
formation in D90 cyclin B1DGFP-expressing eggs suggests
that Ca2+ spiking may be affected in D90 cyclin B1 eggs and
therefore this phenomenon was examined.
Mouse eggs were microinjected with fura2 dextran to
measure Ca2+ levels and then further microinjected with (i)
KCl (control), (ii) EGFP cRNA, or (iii) D90 cyclin
B1DGFP cRNA. The control eggs were further divided
such that some were maintained in medium containing
colcemid. All eggs were inseminated and Ca2+ spiking was
monitored by fura2 epifluorescence measurements taken
every 10 s for a period of to 17 h. It was clear from these
experiments that both colcemid and D90 cyclin B1, but not
EGFP, had the ability to greatly extend the period of Ca2+
spiking over control eggs (Fig. 6). In control eggs, spiking
lasted less than 6 h for about 80% of eggs; whereas over
50% of D90 cyclin B1-expressing eggs and about 70% of
eggs inseminated in colcemid-containing medium still
showed Ca2+ spiking at 9 h (Fig. 6B). In fact, over 40%
of D90 cyclin B1-expressing eggs were Ca2+ spiking at 16–
18 h, when the experiment was terminated (Fig. 6A). It is
concluded that D90 cyclin B1DGFP has no inhibitory effect
on sperm-induced Ca2+ spiking. In fact, the ability of D90
cyclin B1 to inhibit pronucleus formation greatly extends
the period of Ca2+ spiking in the majority of eggs.
D90 cyclin B1 has no effect on the timing of securin
degradation
The proposed mechanism that occurs during fertilization
is that sperm-induced Ca2+ spiking increases APC/C activity
(Jones, 2004; Tunquist and Maller, 2003). Previously, we
had shown that cyclin B1 destruction is accelerated at about
10–15 min following the first Ca2+ spike (Hyslop et al.,
2004). Because D90 cyclin B1 has no inhibitory effect on
the ability of the egg to show Ca2+ spikes, it is possible that
securin degradation would be unaffected by the addition of
D90 cyclin B1.
Firstly, we wanted to confirm that securin has the same
function during meiosis II as it does in mitosis. Eggs were
microinjected with a D-box mutant (RXXL to AXXA) of
securin (securindm) and examined for nondisjunction in eggs
activated using Sr2+-containing medium. In mitotic mam-
malian cells, nondegradable securin induces a so-called dcutT
phenotype due to nondisjunction of sister chromatids
(Hagting et al., 2002; Zur and Brandeis, 2001). In all
Fig. 3. Intracellular spiking in Sr2+-activated eggs is unaffected by D90 cyclin B1. Eggs were allowed to express D90 cyclin B1DGFP for 4 h following a co-
injection of D90 cyclin B1DGFP cRNA and fura2 dextran. Eggs were then washed into Sr2+-containing medium to induce a spiking pattern in the fura-2 ratio
reading. Control uninjected eggs went on to form second polar bodies and pronuclei. Three representative traces of spiking are shown in control eggs (A–C)
and D90 cyclin B1DGFP-expressing eggs (D–F). Note the wide ranges in amplitude, duration, and frequency of the spikes as reported previously for this
activating agent (Bos-Mikich et al., 1995).
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which was either total, in which all the chromatin was in
the second polar body or the egg cytoplasm, or partial,
where the chromatin was stretched in a line between the
second polar body and the egg cytoplasm (Fig. 7). These
data therefore suggest that securin has a similar function in
the separation of sister chromatids during meiosis II as it
does in mitosis. Namely, it prevents anaphase by inhibiting
separase activity.
Having shown a similar function of securin in meiosis II
and mitosis, we went on to examine if securinDGFP was
degraded with similar timing in control and D90 cyclin B1-expressing eggs. To test this, eggs were either coinjected
with D90 cyclin B1 and wild-type securinDGFP cRNA; or
with securinDGFP only. Both groups of eggs were then
parthenogenetically activated using Sr2+-containing medium
and then placed on the stage of the inverted microscope for
GFP imaging. The validity of using this securinDGFP
construct has previously been proven in mouse eggs, when
it was used to demonstrate that APC/C activity increased
during the first meiotic division (Herbert et al., 2003). In
control eggs expressing securinDGFP only, there was an
increase in securin degradation shortly after the addition of
the parthenogenetic agent (Figs. 8A and B, black trace, n =
Fig. 4. Expression of D90 cyclin B1 in eggs raises MPF activity. (A) MPF
activity was measured in four eggs per time point following the addition of
Sr2+-containing medium. Formations of the second polar body (PB2) and
pronuclei (PN) are as marked. The largest decrease in MPF activity occurred
by 30 min, but MPF levels could be maintained if colcemid (100 ng/ml) was
introduced into the activating medium. (B) D90 cyclin B1 also raised MPF
activity, thus after 16 h in activating medium, MPF activity was over 10-fold
higher than in control metaphase II eggs. MPF activity was normalized with
respect to an unactivated egg, time 0 h (column 1), mean and standard
deviations are shown of three separate experiments at time 16 h after
addition of the Sr2+-containing medium.
Fig. 5. D90 cyclin B1 prevents pronucleus formation. When D90 cyclin
B1DGFP-expressing eggs were fertilized, pronucleus formation was
inhibited. Brightfield images (A, D, and F) and chromatin staining with
Hoechst 33258 (B, C, E, and G) in control unfertilized eggs (A, B, and C);
D90 cyclin B1DGFP-expressing eggs (F and G) and aged-matched
fertilized eggs (D and E) following 6 h of insemination. Control fertilized
eggs had decondensed chromatin with two pronuclei, whereas D90 cyclin
B1DGFP-expressing eggs had no visible pronuclei and the chromatin
remained condensed.
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washing into Sr2+-containing medium until the start of
recording. Therefore, as found for cyclin B1 degradation
(Hyslop et al., 2004), securin degradation began minutes
after the initiation of egg activation. In D90 cyclin B1-
expressing eggs that were similarly parthenogenetically
activated (Fig. 8B, gray trace), the rate and timing of
securin degradation were the same as the control group (Fig.
8B, n = 6). There was no obvious lag in the time to initiation
of securin degradation. Therefore, because securin was
degraded with similar dynamics in these D90 cyclin B1-
arrested eggs, D90 cyclin B1 had no apparent ability to
inhibit APC/C activity.
D90 cyclin B1 blocks sister chromatid segregation
Parthenogenetic stimulation of eggs led to securin
degradation in the presence of D90 cyclin B1, suggesting
that these eggs may undergo sister chromatid separation.
Therefore, here we assessed the ability of D90 cyclin B1-
expressing eggs to undergo the metaphase–anaphasetransition following egg activation. In control eggs, sister
chromatid separation was followed using Hoechst 33258.
Sr2+ activation led to sister chromatid separation between
40 and 100 min after Sr2+ addition (Fig. 9A). Due to the
vigorous movement of sperm and the associated effect this
has on eggs, we found that similar observations on
inseminated eggs were not technically possible with good
accuracy. However, we repeated this observation on
ethanol-activated eggs and obtained similar timings (data
not shown). Because greater than 90% of control eggs
exposed to Sr2+-containing medium had formed second
polar bodies by 3 h (n = 25/27), we examined the status of
the chromatin in D90 cyclin B1DGFP-expressing eggs that
had been exposed to the activating medium for this time.
In contrast to the normal process of sister chromatid
segregation and despite the degradation of securin,
separation did not occur in D90 cyclin B1-injected eggs
with normal timing. These eggs still had a fully formed
metaphase II spindle at 3 h (Fig. 9B, n = 12). To confirm a
lack of separation, chromosome spreads were performed
on D90 cyclin B1-expressing eggs at either 0 or 3 h after
addition of Sr2+-containing medium. In agreement with
chromatin staining, chromosome spreads showed attached
sister chromatids as assessed by morphology and number
(Fig. 9C).
All the experiments above were performed on eggs at
15–19 h post-hCG, which would correspond to the normal
window of expected in vivo fertilization. We decided to
Fig. 6. Ca2+ spiking is prolonged in D90 cyclin B1 eggs. (A) A typical
recording of intracellular Ca2+ levels following the addition of sperm in a
control egg and an egg-expressing D90 cyclin B1DGFP. The period of Ca2+
spiking was protracted in D90 cyclin B1-expressing eggs, with some still
displaying a spiking pattern when the experiment was terminated. (B) Eggs
were inseminated and Ca2+ spiking monitored. The percentage of eggs that
were still spiking is plotted with respect to time 0 h, which is taken as the
time of the first Ca2+ spike. The different conditions are control KCl
injected only (n = 37), with EGFP cRNA (n = 30), with D90 cyclin
B1DGFP (n = 73), or KCl injected and plus colcemid (n = 38). In the
majority of control eggs and those expressing EGFP, Ca2+ spiking stopped
by 6 h. However, in eggs expressing D90 cyclin B1DGFP or those
incubated with colcemid, the majority of eggs were still spiking after 10 h.
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to remain at metaphase II was permanent. At 8 h in
Sr2+-containing medium (23–24 h post-hCG), some sister
chromatid separation was observed both by chromatin
staining and by chromosome spreads (Figs. 10A and B).
By 18 h (33–34 h post-hCG), separation appeared complete,
chromosomes were highly condensed, and sister chromatids
were separated (Fig. 10C).
Roscovitine reverses the inhibition of sister chromatin
separation by D90 cyclin B1
Roscovitine (Meijer et al., 1997) was used to inhibit MPF
activity in eggs expressing D90 cyclin B1 to determine if theeffects of D90 cyclin B1 could be reversed. In preliminary
experiments, we found that in agreement with similar
studies on mouse eggs (Deng and Shen, 2000), 100 AM
roscovitine inhibited histone H1 kinase in an in vitro assay.
These concentrations of inhibitor were also effective in
allowing pronucleus formation when eggs were incubated
with either colcemid or D90 cyclin B1 (not shown). To
examine if sister chromatid separation was occurring in D90
cyclin B1-expressing eggs incubated with 100 AM roscovi-
tine, egg chromatin was stained with Hoechst 33258.
Separation of sister chromatids was assessed in either
control eggs, which had been microinjected with D90 cyclin
B1 and then 3 h later incubated with Sr2+-containing medium,
or in D90 cyclin B1 microinjected eggs that were then 3 h
later incubated with Sr2+-containing medium with roscovi-
tine (Fig. 11A). After a further 3-h incubation, chromatin
was visualized and eggs were either classified as at
metaphase II or having undergone sister chromatid separa-
tion (anaphase II–telophase II; Fig. 11B). There was a clear
effect of roscovitine because all eggs had undergone sister
chromatid separation in its presence. Therefore, the ability
of D90 cyclin B1 to prevent sister chromatid separation was
reversed by the MPF inhibitor roscovitine.Discussion
In this study, it has been shown that removal of the N-
terminal 90 amino acids from cyclin B1 stabilized this
protein in meiosis, such that a sperm-triggered Ca2+ signal
failed to stimulate its degradation. D90 cyclin B1 was not a
substrate of APC/C at concentrations used in these experi-
ments. This was shown directly by coupling D90 cyclin B1
to EGFP and measuring its rate of synthesis following
fertilization. MPF levels were raised in eggs expressing D90
cyclin B1. As such, pronuclei failed to form and sperm-
induced Ca2+ spiking continued indefinitely for the majority
of eggs. D90 cyclin B1 had no effect on the timing of
securin degradation, which began only a few minutes after
the initiation of egg activation. Its mechanism of action
therefore was not to compete with other APC/C substrates
and in so doing block meiotic exit. Despite the degradation
of securin, we failed to observe a metaphase–anaphase
transition within the normal timings of second polar body
extrusion. Instead, separations of sister chromatids were
only ever observed several hours later. We conclude that the
delay in separation was due to an inhibitory effect of MPF
on separase activity, a finding previously reported in frog
egg homogenates and in HeLa cells (Chang et al., 2003;
Stemmann et al., 2001).
In the present study, we have increased the pool of egg
cyclin B1 by expression of nondegradable D90 cyclin B1.
The amount of overexpression relative to endogenous cyclin
B1 increased with time as we used cRNA microinjection.
Therefore, D90 cyclin B1 protein levels gradually increased,
dependent on egg translational activity. We have shown that
Fig. 7. Non-disjunction in eggs expressing nondegradable securin. (A) control eggs or (B and C) eggs expressing a D-box mutated form of securin (securindm)
were activated in Sr2+-containing medium. Eggs were fixed and stained with Hoechst 33258 after 3 h in activating medium. In control eggs, chromatin could be
visualized in the egg cytoplasm and in both polar bodies (n = 8/10). As shown in detail in Fig. 9, segregation of sister chromatids was complete at this time with
no obvious Hoechst staining between the segregated sisters. Similar to controls, eggs expressing securindm extruded a second polar body (PB2), but in contrast
the chromatin was spread out, often in a line between the PB2 and the egg cytoplasm (B and C, arrow, n = 9/9). This is consistent with a lack of full separation
of sister chromatids. Scale bar = 20 Am.
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a MII arrest for several hours in inseminated eggs. It cannot
be assumed that D90 cyclin B1 has no non-MPF effects;
however, we are confident that all of the present observa-
tions are due to persistence in MPF levels because the
CDK1 inhibitor roscovitine can reverse cell cycle arrest inFig. 8. D90 cyclin B1 does not delay securin degradation. (A) Eggs were microi
Sr2+-containing medium. Capturing GFP images revealed that securin degradation
for cyclin B1. Times are relative to Sr2+ addition. (B) Comparison of the rate o
securinDGFP only (black) or securinDGFP and D90 cyclin B1 (gray). For comp
plotted (control). Images were captured every 10 min. n = 6–12 eggs per conditithe presence of D90 cyclin B1. Here we have not mapped
out the pathway employed by MPF to maintain condensed
chromatin, inhibit pronucleus formation, or delay sister
chromatid separation; however, they are all functions
previously attributed to MPF (Burke and Ellenberg, 2002;
Stemmann et al., 2001; Swedlow and Hirano, 2003).njected with securinDGFP and 3 h later parthenogenetically activated with
began within minutes of activation, consistent with similar previous timings
f securinDGFP degradation following Sr2+ activation in eggs expressing
arison, nonactivated eggs expressing similar securinDGFP levels are also
on, error bars represent standard deviation.
Fig. 9. D90 cyclin B1 blocks sister chromatid separation. (A) Visualization of sister chromatid separation in control eggs following stimulation of
parthenogenetic activation. Sister chromatid separation is observed in this egg at 90 min (arrow; range, 40–100 min, n = 12). (B) When D90 cyclin B1-
expressing eggs were similarly placed in the parthenogenetic medium, eggs remained arrested at metaphase II. These are two overlay images (brightfield, and
Hoechst 33258; blue) of the same egg showing two orientations of the spindle; left, orthogonal to the plane of the spindle; right, orthogonal to the metaphase
plate. (C) To verify that sister chromatid separation had not occurred, chromosome spreads were performed. Spreads at 3 h after activation showed no evidence
of separation as judged by morphology and number.
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Eggs expressing D90 cyclin B1 failed to complete
meiosis due to elevated MPF activity. The block inpronucleus formation appeared permanent because no
pronuclei were visible even after 18 h of either fertiliza-
tion-induced Ca2+ spiking or parthenogenetic activation.
The sequestration of a sperm-activating factor to the
Fig. 10. Sister chromatid separation is not blocked indefinitely with D90 cyclin B1. (A and B) Individual sister chromatids can be observed to separate
(indicated by arrowheads) both following staining and on chromosome spreads in eggs incubated for 8 h in Sr2+-containing medium (n = 7/13). (C) In eggs at
18 h, sister chromatid separation was assessed on spreads only and all eggs had undergone sister chromatid separation (n = 6). Note that despite disjunction
chromosomes are hypercondensed.
Fig. 11. Roscovitine reverses D90 cyclin B1-induced inhibition of sister
chromatid separation. (A) Plan of the experiment performed. D90 cyclin
B1DGFP was microinjected in MII eggs that were then allowed to express
D90 cyclin B1 for a period of 3 h. After this time, eggs were
parthenogenetically activated by washing into Sr2+-containing medium
with or without the addition of 100AM roscovitine. At 3 h, the status of the
chromatin was assessed by Hoechst 33258. Separation of sister chromatids
was readily visualized, as observed in Fig. 7A. (B) Roscovitine incubation
reversed the effects of D90 cyclin B1, such that the majority of eggs were
no longer at metaphase II compared to control eggs that had a bi-orientated,
fully aligned spindle.
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studies (Jones et al., 1995; Kono et al., 1995, 1996;
Marangos et al., 2003) and recently shown directly (Larman
et al., 2004; Yoda et al., 2004). Here we observed one
consequence of the failure to form pronuclei: the Ca2+
spiking failed to stop in the majority of eggs, a phenomenon
we had reported previously only with colcemid (Jones et al.,
1995). It is interesting to note that Ca2+ spikes stopped in
nearly half of the eggs expressing D90 cyclin B1 that did not
form pronuclei. Other mechanisms are therefore important
in determining when Ca2+ spiking stops. One important
control mechanism is downregulation of the IP3 receptor
that occurs after chronic exposure to IP3 (Brind et al., 2000;
Jellerette et al., 2000). Therefore, downregulation of the IP3
receptor may play a role in terminating Ca2+ spikes in these
D90 cyclin B1DGFP-expressing eggs.
The nature of the sperm-activating factor is still not fully
resolved, but PLCs is the best mammalian candidate
(Kouchi et al., 2004; Swann et al., 2004). The fact that this
protein is also targeted to the pronuclei could explain the
phenomenon of Ca2+ spiking terminating when pronuclei
form and restarting at nuclear envelope breakdown at first
mitosis (Kono et al., 1995). The present findings are
therefore in general agreement with a model in which
Ca2+ spikes stop when pronuclei form (Kouchi et al., 2004;
Marangos et al., 2003; Yoda et al., 2004).
Ability of MPF to block anaphase
Despite the normal dynamics of securin destruction,
sister chromatid separation was delayed by several hours
when eggs expressed D90 cyclin B1. The use of the MPF
inhibitor roscovitine to eventually reverse this effect
suggests it was a direct consequence of elevated MPF
levels. Interestingly, in contrast to the metaphase-arrest
observed here, initial studies using nondestructible cyclin
B1 constructs reported on their ability to arrest cells in
anaphase (Holloway et al., 1993). However, more recent
studies have demonstrated the ability of cells to arrest at
metaphase (Chang et al., 2003; Hagting et al., 2002;Stemmann et al., 2001). Whether cells arrest at metaphase
or anaphase appears to be dependent on the dose of
nondegradable cyclin B1 used, lower cyclin B1 levels allow
anaphase, while higher levels induce a metaphase arrest
(Hagting et al., 2002; Stemmann et al., 2001).
The ability of elevated MPF to inhibit anaphase is
attributed to its phosphorylation of separase on serine 1126
(Stemmann et al., 2001). This inhibitory phosphorylation
prevents separase activity, and so sister chromatid separa-
tion, despite APC/C-mediated degradation of securin.
Previously, it was thought that separase activity was only
held in check by an association with the protein securin. It
S. Madgwick et al. / Developmental Biology 275 (2004) 68–81 79now seems that in vertebrates, separase is also negatively
regulated by MPF. Here we did not examine if the
mechanism by which MPF prevents anaphase is the same
as that reported in frog egg homogenate or HeLa cells.
However, we did find that mouse eggs show a non-
disjunction phenotype when they express a nondestructible
D-box mutant of securin. Therefore, we infer that securin–
separase acts in meiosis II as it does in mitosis, and the most
likely pathway to explain the observations here is through
MPF-mediated inhibition of separase.
In the present findings, we show that eventually eggs
undergo anaphase even in the presence of D90 cyclin B1
and elevated MPF. The ability of MPF to inhibit anaphase is
therefore not permanent. This finding suggests that either a
second parallel pathway can override separase-dependent
sister chromatid disjunction or phosphorylated separase may
not be wholly inactive. The latter is more likely, as activity
of separase can still be observed at a low level even in the
presence of nondegradable cyclin B1 (Stemmann et al.,
2001).
What remains of interest is the dose of nondestructible
cyclin B1 relative to endogenous cyclin needed to observe
metaphase arrest. Some suggest a 1.5- to 2-fold excess of
nondegradable cyclin (Hagting et al., 2002), while for others
metaphase arrest is achieved with less than 30% of the
endogenous cyclin B1 (Chang et al., 2003). In the present
finding, we measured the increase in MPF activity
associated with D90 cyclin B1 expression and observed
that only modest increases in MPF (mean = 1.7-fold
increase, or greater) had the ability to prevent anaphase inFig. 12. Model of Ca2+-induced egg activation in mouse eggs. Before fertilizatio
activity is prevented by both MPF-mediated phosphorylation and securin bindin
securin and cyclin B1 proteolysis. This leads to CDK1 inactivation and release of se
Once desphosphorylated separase is fully active, and eggs complete meiosis II, w
extrusion. In the presence of low MPF levels, the nuclear envelope (NE) can reasse
promoting egg activation. It possesses a nuclear localization signal that sequesterthe presence of activating stimulus. Given the interest in
how eggs maintain an arrest at metaphase II, future studies
are needed to determine the precise dose of D90 cyclin B1
required to prevent anaphase. It may prove possible to
prevent anaphase simply by maintaining MPF levels
constant relative to an unfertilized egg.
MPF activity maintains a MII arrest
In conclusion, we have demonstrated that in a mouse egg
MPF has the ability not only to maintain condensed
chromatin but also delay sister chromatid separation.
Therefore, one possibility that deserves investigation is
whether mouse eggs maintain a metaphase II arrest
physiologically due to MPF activity only. We present a
model to explain our present observations based on this
possibility (Fig. 12). The establishment of metaphase II
arrest is probably achieved by a mechanism that decreases
APC/C activity, and historically, this activity has been called
cytostatic factor (Tunquist and Maller, 2003). This could be
due to components of the spindle checkpoint pathway or
inhibitors of APC/C-activating proteins such as Emi1
(Tunquist and Maller, 2003). In this arrested state, basal
APC/C activity is still observed (Nixon et al., 2002), and so
MII arrest is dependent on the continued synthesis of
proteins such as cyclin B1. Separase activity is blocked by
the dual action of securin binding and by MPF-mediated
phosphorylation, so preventing premature sister chromatid
separation before fertilization. The sperm Ca2+ signal
activates the APC/C, so inducing both securin and cyclinn, MPF levels are high and APC/C activity is low. In this state, separase
g. At fertilization, PLC~ increases APC/C activity thereby inducing both
parase. The dephosphorylation of separase is through an unknown pathway.
ith sister chromatid separation, anaphase, and eventual second polar body
mble and pronuclei form. The PLC~ protein has now fulfilled its function in
s it to the developing pronuclei. Ca2+ spiking is thus terminated.
S. Madgwick et al. / Developmental Biology 275 (2004) 68–8180B1 degradation. This leads to inactivation of CDK1 and
release of securin that is subsequently fully activated by
dephosphorylation through an as yet unresolved pathway.
Active separase and inactive MPF allow second polar body
formation and pronucleus formation. The sperm PLCs
protein finally becomes sequestered into the pronucleus on
completion of meiosis and the zygote enters the first
embryonic cell cycle.Acknowledgment
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